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SUMMARY

A limited flight experiment was conducted to document the ground-cffect characteristics of the X-29A
research airplane. This vehicle has a unique acrodynamic planform which includes a forward-swept wing
and close-coupled, variable incidence canard. The flight-tcst program obtained results for errors in the
airdata measurement and for incremental normal force and pitching moment caused by ground effect. Cor-
relations with wind-tunnel and computational analyses werc made.

The results are discussed with respect to the dynamic nature of the flight measurements, similar data
from other configurations, and pilot comments. The ground-effect results are necessary to obtain an accurate
interpretation of the vehicle’s landing characteristics. The flight data can also be used in the development
of many modem aircraft systems such as autoland and piloted simulations.

NOMENCLATURE

AGL above ground lcvel

APAS aerodynamic preliminary analysis system

b span, ft

ClLo lift coefficient, out-of-ground-effect

Cn, nomnal force cocfficient, out-of-ground-effect

h height of airplane above minimum height, wheels on ground, ft
h vertical velocity, ft/sec

NASA National Aeronautics and Spacc Administration

PANAIR panel acrodynamics

q pitch angular rate, deg/sec

" angle of attack, deg

ACugg axial force coefficient increment caused by ground effect
ACLgg lift coefficient increment caused by ground effect

ACmgp pitching moment cocfficient increment caused by ground effect, reference center of gravity
ACnge nomnal force coefficient increment caused by ground cflect
Ahpgg pressure altitude measurement error caused by ground cffect, ft
L9, canard position, positive trailing-cdge down, dcg

bsrx longitudinal control stick position, positive aft, in.
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1. INTRODUCTION

An understanding of ground effeccts is important for the development of many modem aircraft systems
and for accurate interpretation of vehicle flying qualitics. Thesc data must include the ground cffects on
total vehicle forces and moments as well as perturbations of acrodynamic (angle-of-attack (o) and airspecd)
sensors which may be used for control system feedback. Valid analytical models of these effects are required
to support high fidelity simulators, used for flight-time equivalent pilot training. These modecls are also
required in the development of advanced flight control systems such as autoland.

Ground effects for a variety of planform types such as aft-swept, dclta, and low-aspect-ratio wings have
been studied in the past (refs. 1-4) . Recent studics (refs. 5-7) have indicated substantial variations between
ground effects determined from steady-state conditions (constant height above ground) and dynamic condi-
tions (such as landing approaches). Flight testing allows the determination of ground effects under dynamic
conditions, which are typically not simulated in wind tunnels or computational analysis.

The X-29A forward-swept wing rescarch airplanc was developed and flight-tested to evaluate several
concepts for application on future fighter aircraft. A general overview of the goals of the project can be
found in references 8 and 9. As part of the flight-test program, a scries of mancuvers was conducted to
determine the ground effects rclated to this unique configuration. Flight data were obtaincd at angles of
attack from 6.5 to 8.5° and indicated airspeeds from 145 to 160 kn.

Flight data were obtained from onboard sensors and a ground based optical tracking system during
shallow approaches to the runway. The analysis included balancing the vehicle forces and moments and
correcting for pilot inputs during the mancuvers. The data were corrclated with a limited set of wind-tunnel
data, obtained with a fixed ground board in a low-speed wind tunnel. In addition, two numerical techniques,
aerodynamic preliminary analysis system (APAS) and pancl acrodynamics (PANAIR), were also applied
to the configuration in ground cffect. The APAS code (ref. 10) uscs a constant-pressure panel method with
limited modelling capability. The PANAIR code (rcf. 11) is a higher-order panel method which offers greater
modelling capability but requires morc computer resources and user effort.

This paper presents the flight data and compares the results with the wind-tunnel and theoretical predic-
tions. In addition, the results are discussed with respect to the dynamic nature of the flight measurements,
data from other configurations, and pilot comments regarding X-29A aircraft landing characteristics.

2. VEHICLE DESCRIPTION

The test vehicle is shown in figure 1. Table 1 gives a summary of the physical characteristics. A more
complete description of the vehicle is given in reference 9. The most unusual extemnal features include the
forward-swept wing and close-coupled, variable incidence canard. The configuration has relaxed longitu-
dinal static stability which requires the use of a highly augmented digital flight control system. The wing
has a full-span trailing-edgc flap. Pitch is controlled through a scheduled combination of the canard, wing
trailing-edge flap, and the strake flap surfaces (fig. 1). In the “power approach” control system mode, the
wing flap and gear are fixed in the down position and pitch control is achieved by the canard and strake flap
surfaces. The airdata sensors used in this study were installed on a noseboom.

3. MEASUREMENTS

The principal onboard measurements in this study were inertial rates and accclerations, control surface
positions, airdata, and fucl quantitics. The data were encoded by a pulse code modulation system with
10-bit resolution and were telemetered to a ground station. The flight data were obtained at rates up to
200 samples/sec. Further details regarding the data acquisition system are found in refercnce 9.

A cine-theodolite (optical tracking) system was used to determine aircraft position with respect to a
fixed ground reference system (ref. 12). Two calibratcd motion picture cameras tracked the aircraft as it
maneuvered close to the runway. The tracking provided elevation and azimuth values referenced to cach
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camera location. Triangulation of these measurements determined aircraft position. Sink rate, flightpath
angle, and other pertincnt parameters were derived from the position data. The accuracy of the measurcments
depended on the distance between the aircraft and the camera installations. Because of the small size of the
X-29A aircraft and the shallow approaches uscd in this experiment, good optical data were available only
for approximately the last 50 ft of descent. The optical data were obtaincd at a rate of 4 samples/scc.

4. FLIGHT MANEUVERS

All maneuvers were flown by the same general procedure, similar to that described in reference 13.
While at a constant altitude in the landing pattern, the pilot selected the power approach configuration (wing
flap and gear down) normally used for landing the airplane. After the airplane was aligned with the runway,
the pilot established a shallow descent at a predetermined sink rate, and optical tracking began. During the
descent the pilot minimized use of the control stick and throttle. As the airplane approached the runway
and responded to ground effect, the pilot tried to maintain a constant indicated angle of attack using pitch
stick inputs. On some maneuvers, the throttle was reduccd in order to ensure touchdown. When the airplane
leveled off or the main gear touched down, the optical tracking was terminated and the pilot conducted a
“go around” maneuver. Ground-effect maneuvers were not attempted if surface winds exceeded 5 kn in
any direction.

Figure 2 shows a time history of key parameters from a typical maneuver. In this example, the angle of
attack, pitch rate, and canard position indicate an oscillation in the pitch axis during the first few seconds,
probably caused by small flightpath adjustments or atmospheric turbulence (note the small amplitude of
stick movement). As the airplane descends below 15 ft above ground level (AGL), it begins to flare, as the
altitude and vertical specd data show. At the same time, the angle of attack generally decreases, indicating
that additional lift is being generated because of ground effect. During the last 10 ft of vertical descent, stick
commands diminish while the canard moves to a more positive (trailing-edge down) deflection. This move-
ment is produced by the flight control system. The strake flap surfacc movement, not shown, is inversely
proportional to the canard movement.

A total of 10 maneuvers were attempted over a series of four nonconsccutive test flights. Of these, four
maneuvers were not analyzed because of gaps in the optical tracking data or ecxcessive control inputs. For
all maneuvers, the normal force cocfficicnt ranged from 0.95 to 1.15 and angle of attack ranged from 6.5
to 8.5° prior to entering ground effect. Because of the limited flight time available for this study, a wider
variety of flight conditions was not attempted, and the pilots had little opportunity to practice the technique.

For several reasons, the flight mancuver was a difficult task to perform with precision. In order to main-
tain quasi-steady flight conditions, the pilot had to monitor the angle-of-attack display inside the cockpit,
while simultaneously verifying a safe approach to the runway. The mancuver relies on the increased lift
caused by ground effect to help flare the airplane and provide an acceptable touchdown sink rate. The pilot
does not experience this cffective ground-effect cushion until the last few seconds of the descent.

As a safety precaution, on the first attempts the targeted descent rates prior to encountering ground effect
were very shallow (approximately 100 ft/min). As confidence increased, the targeted descent rates were
increased to 500 ft/min. In all maneuvers, the sink rate decrcased substantially as the airplane descended
below about 15 ft AGL (/b = 0.55).

The pilots attempted to conduct the maneuvers near the midpoint of the runway in order to minimize
distance from the tracking camera installations (fig. 3). Because of the shallow sink rates, it was difficult
for the pilot to visually plan his descent to touchdown necar the midpoint. On the last flight, ground radar
tracking data, monitored in the control room, was successfully uscd to advise the pilot when to begin his
descent. Figure 3 also shows the distance along the runway for the various mancuvers relative to the run-
way threshold.
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5. FLIGHT DATA ANALYSIS

Data from the optical tracking system and aircraft telemetry stream were merged by lincarly interpolating
the telemetered data to fit the optical data samplc times. The center of gravity, weight, and inertias were
computed from the fuel quantity data. The acccleration and angular rate measurements were adjusted to
the flight center of gravity. The noscboom static pressure and angle-of-attack vane measurcments were
adjusted for upwash and position error using corrections developed from “out-of-ground-cffect” (altitudes
above the point where ground cffect influences aircraft behavior) flight calibrations. These calibrations were
obtained from tower fly-by, radar tracking, and trajectory reconstruction techniques. The accuracy of the
static pressure error calibration is approximately 20 ft (pressure altitude).

The effects of ground proximity on airdata measurements were determined by comparing the onboard
aerodynamic sensor data (noseboom angle-of-attack vane and static pressure) to data from independent,
nonaerodynamic, sources (optical tracking and incrtial sensors). Pressure altitude above ground was dcter-
mined by subtracting the current ground-level ambicnt pressurc from the noscboom static pressure. The test
site is at an altitude of approximately 2,300 ft above sea level. Altitude above ground was also determined
from nonaerodynamic sensors by subtracting the runway altitude from the optically measured altitude. The
runway was modeled as a sloped surface defined in three dimensional space. The optically measured al-
titude at touchdown on several runs showed the method to be accurate to within 1 ft. An angle-of-attack
measurement which does not rely on aecrodynamic sensors was made from a combination of the onboard
pitch attitude data and the flightpath angle determined from optical tracking data.

The total vehicle normal force, axial force, and pitching moment were determined from the mass, in-
ertias, and accelerations. These values include all aerodynamic forces (including ground effect) and thrust.
The pitching moment was adjusted to the refcrence center of gravity. The contributions of out-of-ground-
effect acrodynamics were estimated by the usc of a nonlinear acrodynamic database developed from wind
tunnel data. This database accounts for control surface positions, angle of attack, angle of sideslip, and
pitch rates and has been extensively validated with flight-test results. The database estimates were sub-
tracted from the flight measured forces and moments. The difference generally included a constant offsct in
the data at altitudes above ground effect. This offset was attributed to the effects of thrust or discrepancies
in the database and was subtracted from the results. A nine-point moving average technique was used to
fair the final data. This process eliminated extraneous variations in the data from sources such as gusts or
inaccuracies in the nonlinear aerodynamic model. Figure 4 shows normal force cocfficient data for a typi-
cal maneuver.

6. RESULTS AND DISCUSSION

6.1 Airdata Measurements

The difference between noseboom measured pressure altitude AGL and the optically measured altitude
AGL represents the static pressure measurcment error caused by ground effect (A Ap,.). Results from two
mancuvers (fig. 5), indicate an error of up to 7 {t at touchdown. This magnitude is consistent with results
from other noseboom systems (rcf. 14). The two mancuvers shown in figure 5 were conducted with con-
stant throttle setting. Useful results were not obtained from the other four test mancuvers, which included
variations in throttle setting. Changes in engine thrust level appear to produce static pressure measurcment
errors of sufficient magnitude to mask the errors caused by ground effect.

The comparison of angle-of-attack measurements from the acrodynamic sensor (noseboom vane) to
those from nonaerodynamic sensors indicated no sensitivity to ground proximity. After this was determined,
the angle-of-attack vane measurcment was used in the analysis of the force and moment data.

6.2 Normal Force

Figure 6 shows the flight measured normal force incrcments from the six analyzed maneuvers. The
data indicate that ground effect is negligible at altitudes above 15 ft AGL, or 0.55 h/b. The maximum
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normal force increment (at touchdown) is about 17-percent greater than the out-of-ground-cffect normal
force coefficient. The consistency of the results from different mancuvers is excellent. Throttle adjustments
were made during three of the maneuvers, but had no significant effect on the data.

The wind tunnel data shown in figure 6 were obtained at an angle of attack of 8° with control surface
positions typical of the flight maneuvers (-5 °-canard deflection, —12 °-strake flap deflection).

The PANAIR program was uscd to determine the sensitivity of the pancl method ground-cffect predic-
tions to modelling features for this configuration. In this limited PANAIR analysis, featurcs such as the
camber distribution and the orientation of wakes from the wing and canard were varicd. The results indi-
cated no strong sensitivities in the ground-effect increments; therefore, the remainder of the analysis was
based on a simple flat plate model of the X-29A aircraft planform using the APAS code. As figurc 6 shows,
the APAS results, using a flat plate model, agree favorably with the wind tunnel data; however, both indicate
larger ground effect than the flight data.

The wind tunnel and panel methods are bascd on a steady acrodynamic configuration at constant height
above the ground. The lower normal force increments obscrved in flight could be the result of a lag in the
aerodynamic flow field as the airplane approached the ground. Figure 7 shows the flight measured normal
force increments as a function of the vertical velocity at A = 9 ft AGL. There is a slight indication that
the normal force increments approach the stcady-state data as the sink rate decreases. However, vertical
velocity varied continuously during the flight maneuvers, and the data of figure 7 are based only on the
instantaneous value of sink rate. It was not possible to obtain flight data at a constant sink rate throughout a
flight maneuver for two rcasons. First, the reduction in sink rate is at least partially a result of ground effect,
and second, it is clearly necessary to have a low sink ratc at touchdown.

Figure 8 shows the X-29A airplane ground-cffect data compared with steady-state and dynamic wind
tunnel data from other configurations, compiled in reference 5. The dynamic data for the XB-70 and
F-104 airplanes were validated with {light-test measurcments. Figure 8 shows that the differcnces caused by
dynamic effects can be as significant as diffcrences caused by planform variations. All configurations show
a decrease in the ground effect caused by dynamics, although this decrease is minimal for the F-104 aircraft.

6.3 Pitching Moment and Axial Force

The flight and wind tunnel measurements of pitching moment increment caused by ground effect are
shown in figure 9. It was found that even slight power adjustments during the flight maneuvers produced
pitching moments which masked the ground-effect characteristics. Thercfore, data from several maneuvers
which included power adjustments could not be used. The flight data show variations at altitudes well
above 30 ft AGL (out-of-ground-cffcct), presumably because of turbulence or other features which were not
accounted for in the analysis. The magnitude of the ground-effect increments are small with respect to the
total untrimmed pitching moments at these conditions, which may also account for some of the scatter in
the flight data. The ground-effect increment at 9 ft AGL is about 0.01 nose down, cquivalent to the pitching
moment created by an angle-of-attack change of only 0.3°.

The flight and wind-tunnel data agree poorly. The discrepancies may be because of dynamic mancuver
effects, as discussed in the normal force data, or the usc of a static ground plane in the wind tunnecl testing.
The data are insufficicnt to explain the poor correllation of results. In figure 10, flight and wind-tunnel data
at a height of 9 ft AGL arc shown as a function of anglc of attack.

Flight mcasurements of axial force increments causcd by ground cffcct were inconclusive. The measure-
ments were clearly sensitive to any variation in power setting and no reasonable trends could be developed
from the data. Wind-tunnel measurcments of axial force, also shown in figure 10, indicate that values at the
flight-test conditions may be very small with respect to axial force of the total vehicle.
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6.4 Pilot Comments Related to Landing

During early flight tests of the X-29A airplane, pilots commented that the airplane tends to float exces-
sively if the landing flare is initiated too early, requiring the pilot to force the airplanc down with forward
stick inputs. As discussed in reference 15, this undesirable characteristic has been identified in other aircraft
which, like the X-29A, incorporate pitch rate command, attitude hold flight control systems.

Data from the present analysis indicate moderate levels of lift and nosedown pitching moments caused by
ground effect. It should be noted that the canard generates positive trim lift when used to balance nosedown
ground-effect pitching moments. This is contrary to most configurations with aft-located longitudinal control
surfaces. This additional trim lift may account for some of the float tcndencics noted by the pilots.

7. CONCLUDING REMARKS

The flight-test program was successful in dctermining ground effects related to airdata measurements,
normal force, and pitching moment of the X-29A airplane. The results were obtained from a minimal amount
of total flight time (ten landing approaches). A longer flight program may have allowed a wider variation
of flight conditions and would have allowed greater pilot proficiency in conducting the test mancuver.

The static pressure measurement error caused by ground effect was identificd and is consistent with
other aircraft which use noseboom systems. The angle-of-attack measurement was found to be insensi-
tive to ground effect. The flight-mcasured normal forces in ground effect were up to 17-percent greater
than the out-of-ground-effect values. The increases predicted by computational or wind-tunncl methods
were substantially greater than those encountered in flight. This discrepancy has been demonstrated for
other configurations and has been attributed to the dynamic nature of the flight maneuver. The difference
between dynamic and steady-state ground-effect results can be of equal magnitude to differences related
to configuration.
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Table 1. Physical characteristics of the X-29A aircraft.

Reference arca, ¢ ........... NS RS 185.0
Referencespan, ft .............. ... ... ... .. ... ... 27.2
Referencechord, ft .......... ... ... ... ... ... ..., 7.215
ASPECLTAtO . ...t e 40
Quarter chord wing sweep angle,deg ................. —33.73
Reference center of gravity .............. Fuselage station 451
Emptyweight,1b ............ ... ... ... 13,948
Usefulload,Ib ...... ... .. .. .. ... ... ..., 3,882
Fuelload,lb ........ ... ... ... ... i, 3,662
Grossweight,Ib ............. .. .. ..o i 17,830
Engine ........ ... GE-404-400
Sea-level staticthrust, Ib ............................. 16,012
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Figure 1. The X-29A airplane.
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Figure 2. Time history of ground-effect flight-test maneuver.
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